We highlight recent research efforts, challenges, and opportunities in the development of polymer nanostructured materials for applications in photonics and optical data storage. The review is limited
to materials whose photonic properties originate from a periodic modulation in structure and/or composition. Discussion of polymers for fiber-optics, optically active polymers with a homogeneous structure, and polymer-based templates for the production of photonic materials is omitted for lack of space.
The review begins with an outline of the general applicationrelated properties of polymer photonic crystals, followed by a concise description of the strategies used for fabricating polymer materials with periodic structures. Polymer photonic materials derived from colloid crystals are described before progress in developing block copolymer materials with photonic properties is summarized. Polymer photonic materials produced by microfabrication techniques are described, and a summary and outlook are given at the end.
Polymer photonic crystals
Photonic crystals are materials in which a periodic spatial modulation in the refractive index leads to coherent scattering of light and alters the modes of propagation of light of wavelengths commensurate with the length scale of the periodicity 5, 6 . Figs. 1a-1c illustrate the structures of one-, two-, and three-dimensional photonic crystals. In particular, three-dimensional photonic crystals with a sufficiently high value of refractive index mismatch, ∆n, between the constituent phases possess a full photonic bandgap, where light of a specific wavelength range is inhibited from propagating in all directions. Photonic crystals obtained from polymers possess an intrinsically low value of ∆n originating from the relatively low refractive index of polymers, and as a result these materials do not possess a full bandgap. Nevertheless, polymer photonic crystals (PPCs) reveal some of the unique optical properties that are characteristic of full photonic bandgap materials.
For example, PPCs suppress propagation of light in specific directions and wavelength ranges (referred to later in the text as 'stopbands'), which forms the basis of new polymeric optical devices as described below 7 .
Coherent scattering of light
The wavelength of light, λ sb , that is coherently scattered by a threedimensional PPC (Fig. 1d) can be related to the material periodicity, d, via an approximation of Bragg's and Snell's laws as:
kλ sb ≈ 2d (n eff 2 -sin 2 θ) ½ (1) where k is the order of diffraction, n eff is the effective refractive index of the PPC, and θ is the angle of incidence of light with respect to the normal of the PPC. The dependence of λ sb on material characteristics (i.e. d and n eff ) allows PPCs to function as sensors. For example, the introduction of analytes or solvents [8] [9] [10] [11] [12] , the action of electric fields [13] [14] [15] , or variations in pH 16 , temperature 16, 17 , or mechanical strain 18, 19 induce changes in d and/or n eff of the PPCs made from a suitably chosen material, thereby eliciting a measurable shift in the value of λ sb .
Decrease in the group velocity of light
Near the edges of the stopband, the group velocity of light decreases because of an increase in the density of light modes 20, 21 . The periodic structure of PPCs can be used to enhance the interaction of light with an active optical component incorporated in the material. For instance, spontaneous emission of a fluorophore in a PPC can be enhanced (or suppressed) as a result of the increased (or decreased) photon density of states, if there is suitable overlap with the emission wavelength of the fluorophore 22 .
Nonlinear dispersion
Strong anisotropy and nonlinear dispersion (which are not accompanied by loss in photonic crystals) lead to unusually large and highly nonlinear variations in refractive index near the edge of a stopband 23 .
Therefore, the direction at which light propagates in the crystal is strongly dependent on the wavelength of light. This superprism effect can be used to construct highly sensitive prisms from PPCs.
Fabrication of polymer photonic crystals Polymer nanostructured materials produced by selfassembly
Self-assembly is the process in which the elements of a system interact in a predetermined way and spontaneously organize to generate a higher order structure 24 .
Self-assembly of polymer particles (latex or microgel microspheres)
into colloid crystals is a typical approach for forming materials with periodic structures. Close-packed colloid crystals (Figs. 2a and 2b) can 
be fabricated using capillary forces 25 , gravity 26 , particle assembly on patterned surfaces [27] [28] [29] , and assembly assisted by shear 30 or electric and magnetic fields [31] [32] [33] . Unless the formation of one-or twodimensional colloid crystals is the target, self-assembly typically yields crystals with hexagonal close-packed (hcp) or face-centered cubic (fcc) lattice structures. Alternatively, low volume fraction colloid crystals self-organize in aqueous dispersions owing to the repulsive forces between double electric layers of the particles.
Colloid crystallization is a straightforward and cheap method for producing materials with structural periodicity. However, it has not demonstrated full control over the presence of defects. Enhanced control of crystalline structures comes at a compromised cost, e.g. by depositing microspheres on prepatterned substrates [34] [35] [36] [37] .
The self-assembly of block copolymers (BCPs) is another approach to fabricating nanostructured materials for photonic applications. The 44 . On the other hand, some of the defects occurring in BCP films may lead to interesting photonic properties.
For instance, point and line defects can act as microcavities and waveguides, respectively 45 . Here, the challenge is in gaining control over the position, type, and directionality of the defects.
Microfabrication of periodic structures in polymer materials
Polymer materials with periodic structures useful for photonic applications can be fabricated by nanoimprinting, photolithography, and sequential deposition of alternating polymer layers.
Nanoimprinting produces topographically patterned polymers by pressing a mold against a softened thermoplastic polymer or a liquid polymer precursor. The resulting surface relief pattern is subsequently trapped by cooling the molded material, or by photocuring the polymer precursor using ultraviolet (UV) light.
In conventional photolithography, periodic structures are produced by (i) selectively exposing a monomer-, or a polymer-coated surface to localized photoirradiation (typically achieved through a mask) and The alternating polymer-and LC-rich domains provide a periodic modulation in refractive index in the resulting material 48-50 .
Two-photon induced polymerization is a powerful approach for the fabrication of three-dimensional microstructures based on computergenerated models 51 . As soon as the photon density exceeds a threshold value, simultaneous absorption of two photons by the photosensitive
Fig. 2 (a,b) Scanning electron microscopy (SEM) images of a colloid crystal self-assembled from polystyrene particles: (a) top view of the hexagonal close-packed layer of microbeads in the colloid crystal; and (b) crosssectional view along the depth of the colloid crystal. (Adapted and reprinted with permission from 55 . © 2006 Wiley-VCH.) (c,d) Transmission electron microscopy (TEM) images of cryomicrotomed self-assembled PS-b-PI BCP films. The dark regions correspond to PI domains and the bright regions are PS domains. (c) One-dimensional periodic lamellar morphology of PS-b-PI films. (Adapted and reprinted with permission from 42 . © 2006 American Chemical Society). (d) Fragment of a triangular array of PS cylinders in a PI matrix.
(Adapted and reprinted with permission from 43 . © 1996 American Chemical Society).
resin initiates polymerization within the focal volume. When the focal point is moved in three-dimensional space, polymerization is initiated along the trace of the focus, which allows the fabrication of a broad range of three-dimensional microstructures. A typical woodpile structure generated by two-photon polymerization (Figs. 3c and 3d) has layers of one-dimensional rods with a stacking sequence that repeats itself every four layers 51 .
Materials derived from colloid crystals
The Changes in the spectral position of the stopband originate from a change in the average refractive index and/or the lattice constant of the PPCs, which occurs in response to a change in pH 16 , temperature 16, 17 , the presence of analytes (e.g. glucose, Pb 2+ , Ba 2+ , K + ions 9 , or biological molecules 56 ), electric and magnetic fields [13] [14] [15] 57 , and deformation [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 58 . Generally, large variations in the dielectric constant are required in order to generate modest changes in the spectral position of the stopband, however, notable changes in λ sb can be readily achieved by changing the lattice constant d (see eq 1). Responsive PPCs can also have the structure of inverse opals 16, 19, 61 . For instance, a two-state color switch was obtained using electrochemical means from an inverse opal of a poly(methacrylic acidco-N-isopropylacrylamide) hydrogel 19 . In this approach, the electrolysis of water at the anode created an acid and induced shrinkage of the network structure. In another application, an inverse opal of polyacrylamide functionalized with azobenzene moieties showed photoinduced volume changes, and consequently, a shift in the spectral position of the stopband 61 .
Polymer nanostructured materials derived from colloid crystals have also been used as recording media for optical data storage 62 . The materials were fabricated by assembling polymer particles with rigid cores comprising of a fluorescent dye and optically inert softer shells into a periodic array. The colloid crystal was subsequently annealed above the glass transition temperature of the shell-forming polymer but below the glass transition temperature of the particle cores 63 .
Under these conditions, the particle shells soften and form a matrix surrounding a periodic array of the fluorescent particles (former cores). Fig. 5a shows the resulting nanostructured material that was used as a 
Fig. 4 PPC sensors. (a, top) Schematic of a PPC sensor derived from a colloid crystal embedded in a polyacrylamide-poly(ethylene glycol) hydrogel with pendant phenylboronic acid groups 59 . (bottom) Dependence of the diffraction spectrum of the PPC on the concentration of glucose in an aqueous solution containing 2 mM tris-HCl (pH 8.5) and 150 mM NaCl. Concentration of glucose (in millimolar) is shown next to the corresponding diffraction peaks. (Adapted and reprinted with permission from 59 . © 2003 American Chemical Society.) (b) Deformation of rubbery PPC films obtained from polystyrene-poly(methyl methacrylate)-poly(ethyl acrylate) core-shell particles. (top) Test bars before (green) and after (blue) 200% elongation of the PPC and release. (bottom) UV-visible spectra of the original and deformed rubbery PPC with a cross-linked poly(ethyl acrylate) matrix, where ε is elongation and λ 111 is the spectral position of the Bragg peak. Inset: schematic of the PPC structure. (Adapted and reprinted with permission from 60 . © 2007 American Chemical Society.) (c, top) Schematic of the approach for tuning the position of the stopband in an electroactive PPC. An electric field applied to two flexible electrodes causes contraction of the PPC in the z-direction and decreases the interplanar spacing. (bottom) Reflectance characteristics at normal incidence of an unbiased PPC, consisting of a colloid crystal embedded in a hydrogel of poly(2-methoxyethyl acrylate) loaded with

Materials derived from block copolymers
Band diagrams of all-BCP materials have a plurality of stopbands that do not overlap because of the low dielectric constant mismatch between the phases of the material 66,67 . This problem has been solved by the selective loading of one of the microphases of BCP films with inorganic nanoparticles (e.g. semiconductor or metal nanoparticles) 68 , or by the selective etching and removal of one of the microphases 69 .
Another challenge in using self-assembled BCP films is to achieve stopbands in the visible spectral range, which implies that the characteristic domain size of a BCP has to be greater than 400/n d where n d is the refractive index of the material in that domain 66 .
Typically, this problem is resolved by swelling one of the microphases of the BCP with a homopolymer or low molecular weight architecture with a long lamellar period (Fig. 7a) . The sample is green, birefringent, and had a lamellar structure (Fig. 7c) . Above 125°C, the hydrogen bonds broke up and PDP dissolved in both PS and P4VP(MSA), leading to a sharp, reversible transition to an uncolored and non-birefringent material (Fig. 7d ). An abrupt change in the BCP structure led to a change in UV-visible specular transmission and diffuse reflectance (Figs. 7e-7g ).
Microfabricated polymer photonic crystals
Although holographic patterning is a convenient method of forming complex three-dimensional structures from photoresists 76, 77 , it is more commonly used to fabricate photonic devices from holographically In another example, opto-control of light reflection has been achieved in a one-dimensional H-PDLC (Fig. 8) 82 . The H-PDLC structure had alternating layers of primary LC molecules possessing nematic order and secondary LC molecules that underwent a UV-triggered trans-cis photoisomerization. When the material was exposed to UV irradiation, the photoisomerization of the secondary LC molecules disrupted the nematic order of the primary LC molecules and induced a refractive index mismatch in the photonic structure. The mismatch Patterning of photoresists by means of multiphoton polymerization has generated novel sophisticated structures in PPCs. Fig. 9 shows right-and left-handed three-dimensional spiral photonic crystals fabricated by direct laser writing in SU-8 photoresist 84 .
The resulting PPCs gave rise to strong circular dichroism: the transmission of light was 5% and 95% for different incident circular 84 . For example, the transmittance in the right-handed PPC was low for right circularly polarized light and high for left circularly polarized light.
Fig. 8 (a) S chematic of an H-PDLC multilayered polymer reflector. Layers of LCs in a planar arrangement and immobilized by a polymer network alternate with layers of LCs droplets stabilized by a polymer. Upon UV irradiation, a secondary LC (shown in black) in the unconstrained layer undergoes trans-cis photoisomerization, disrupting the nematic order of the host LC (shown in red). (b) The material shows high transmission prior to UV irradiation (black curve) and low transmission after UV irradiation (red curve
Direct laser writing by multiphoton polymerization has also been identified as a powerful technique for controllably incorporating defects into PPCs [85] [86] [87] [88] . For instance, two-photon polymerization has been used for the incorporation of predefined features within self-assembled photonic crystals [85] [86] [87] and within holographically patterned, threedimensional PPCs 88 .
Outlook
Owing to the ability to combine structure-and composition-dependent properties, the scope of research in polymer nanostructured materials with periodic structures has rapidly expanded beyond traditional polymer nanocomposites for optical applications. Future advances in this area of science and technology will aim at improving the photonic functionalities of polymer materials, controlling structural defects, and integrating photonic devices.
Development of polymer materials for photonic applications will include the synthesis of polymers with high refractive indexes and/or useful optical and electronic properties (for instance, using inorganic polymers 89 ), the use of optically active hybrid polymer-inorganic materials, and the utilization of materials with multiple sensing functions. Specific functionalities of polymers and rapid dynamic response to particular, and sometimes multiple, external stimuli will serve as another criterion for the successful commercialization of photonic polymer materials.
Polymer nanostructured materials for secure data storage is another field of research that holds promise, with an increasing demand for the protection of identification documents, credit cards, and authentication labels against counterfeiting. Here, future advances depend on the synthesis of photostable chromophores, the incorporation of multiple security features in polymer recording media, and the ability to integrate polymer security materials with cost-effective optical reading devices.
The challenge in controlling defects in polymer materials with periodic structures involves the assembly or fabrication of largearea materials with close-to-perfect crystalline structures and/or the introduction of predefined site-specific defects. Polymer materials for defect-tolerant applications such as photonic sensing are likely to be produced by self-assembly techniques, which are cost-effective and can be used for applying materials to substrates with arbitrary shapes. 
